Abstract. T-cell acute lymphoblastic leukemia/lymphoma (T-ALL/LBL) is an aggressive hematological disorder that is sensitive to chemotherapy; however, it exhibits frequent relapse rates. Platinum-containing therapeutics are the first-line salvage regimens used in the treatment of relapsed or refractory T-ALL/LBL. The selenium-platinum compound EG-Se/Pt is obtained from the combination of selenium-containing molecules (EG-Se) with cisplatin (CDDP); however, its anticancer properties have been poorly investigated. In the present study, the Cell Counting Kit-8 assay was used to evaluate the inhibitory effect of treatment with EG-Se/Pt on cell viability. Cell cycle distribution, apoptosis, reactive oxygen species (ROS) content and the mitochondrial membrane potential were analyzed using flow cytometry. Intracellular platinum content was detected using inductively coupled plasma mass spectrometry. Caspase activity was determined using a colorimetric assay. The expression of several proteins associated with apoptosis was analyzed using western blotting. The results of the present study demonstrated that treatment with EG-Se/Pt increased the inhibition of Jurkat and Molt-4 T-ALL/LBL cell viability compared with CDDP, and induced apoptosis and cell cycle arrest. The intracellular platinum content of T-ALL/LBL cells treated with EG-Se/Pt was increased compared with that of T-ALL/LBL cells treated with CDDP. EG-Se/Pt-induced apoptosis was mediated by caspase and ROS levels through the activation of the mitochondrial signaling pathway. The results of the present study suggest that EG-Se/Pt is a potential therapeutic candidate for the treatment of T-ALL/LBL.
Introduction

T-cell acute lymphoblastic leukemia/lymphoma (T-ALL/LBL)
is an aggressive non-Hodgkin lymphoma arising from T progenitor cells or thymic T cells in diverse differentiation stages. Although complete remission rates with high-dose regimens are between 80 and 90%, >30% of adults relapse following intensive consolidation (1) . The survival outcomes of patients with T-ALL/LBL remain unsatisfactory. Platinum (Pt)-containing chemotherapeutic agents serve an important role in the treatment of T-cell lymphomas, particularly in the salvage treatment of relapsed or refractory T-ALL/LBL (2) (3) (4) . Cis-diamminedichloridoplatinum (II) (CDDP), or cisplatin, is one of the best known and most widely used Pt-containing chemotherapeutic drugs. Since the first clinical trial in 1971 (5), >10,000 of patients with sarcomas, lymphomas and solid tumors have benefitted from treatment with CDDP (5, 6) . CDDP is able to induce cell apoptosis through extrinsic and intrinsic signaling pathways, and affects the protein kinase B (PKB), c-Jun N-terminal kinase (JNK) and p38 mitogen-activated protein kinase signaling pathways; however, its severe side effects and drug resistance limit further applications (6) . To overcome these obstacles, the structure of CDDP has been modified and reconstructed to synthesize novel antitumor agents including carboplatin or oxaliplatin (6, 7) . Selenium (Se) is an essential trace element with a number of biological functions (8) . Previous epidemiological and clinical studies have demonstrated that Se is an effective chemotherapeutic agent in prostate, lung, colon, liver and esophageal cancer and multiple lymphomas (8) . Se-containing compounds are able to induce tumor cell cycle arrest and apoptosis, through the expression of cyclin-dependent kinase inhibitor 1A and 1B, the inhibition of PKB, extracellular-signal-regulated kinase 1/2 and JNK1/2, and the generation of reactive oxygen species (ROS) (9,10). Certain Se-based compounds are able to selectively kill cancer cells in vitro and in vivo (11, 12) . ROS have Treatment with a selenium-platinum compound induced T-cell acute lymphoblastic leukemia/lymphoma cells apoptosis through the mitochondrial signaling pathway FEIFEI WU 1 , WEI CAO 2 , HUAPING XU 2 , MINGXIA ZHU 1 , JING WANG 1 and XIAOYAN KE been reported to induce apoptosis via a series of downstream signaling pathways including a mitochondrial cascade (13, 14) . Furthermore, increased ROS levels in cancer cells serve a role in the selective killing of cancer cells by antitumor agents (12, 15) .
Chemists from Tsinghua University (Beijing, China) have developed a novel compound, EG-Se/Pt, based on the coordination of Se-containing small molecules (EG-Se) and CDDP, which demonstrates broad-spectrum anticancer activity in breast, lung and liver cancer cell lines, and selectivity of tumor cells (12) . The present study demonstrates that EG-Se/Pt kills T-LBL/ALL cells by inducing cell cycle arrest and ROS-mediated apoptosis through the mitochondrial signaling pathway.
Materials and methods
Cells and cell culture. The cells were lysed using 500 µl radioimmunoprecipitation assay (RIPA) lysis buffer (Applygen Technologies, Inc., Beijing, China) for 20 min at room temperature. Following centrifugation at 13,201 x g for 5 min at 4˚C, the supernatant was taken for the determination of the Pt concentration, as described previously (12) .
Caspase activity assay. Following treatment with EG-Se/Pt, samples containing 5x10 6 cells were lysed in RIPA lysis buffer (Applygen Technologies, Inc.) on ice for 1 h. The protein concentration was measured by BCA assay (Applygen Technologies, Inc.) and 150 µg protein samples were used for the determination of caspase-3 and caspase-9 activity measured using a Colorimetric Assay kit (Nanjing KeyGen Biotech Co., Ltd.) according to the manufacturer's protocol. The activity of caspase-3 or caspase-9 was determined as the optical density at 405 nm (OD 405 ) in the experimental group/OD 405 in the control group using a microplate reader.
Evaluation of mitochondrial membrane potential (MMP).
Cells in 6-well plates (1x10 6 cells/well) were treated with EG-Se/Pt and then harvested, washed with PBS and stained with 5,5', 6,6'-tetrachloro-1,1',3,3'-tetraethylbenzimidazolyl-carbocyanine iodide (JC-1; Mitochondrial Membrane Potential assay kit; Beyotime Institute of Biotechnology) working solution at 37˚C for 20 min in an incubator. The samples were analyzed using a FACSCalibur cytometer. CellQuest Pro software was used for data acquisition and analysis.
Measurement of ROS.
Following treatment with EG-Se/Pt, 1x10 5 cells were washed three times with PBS and incubated with 5-(and-6)-chloromethyl-2',7'-dichlorodihydrofluorescein diacetate, acetyl ester (Beyotime Institute of Biotechnology) in an incubator for 20 min at 37˚C. The samples were processed using flow cytometry to measure the level of intracellular ROS. CellQuest software was used for data acquisition and analysis.
Western blotting analysis. Following treatment with EG-Se/Pt, total cellular proteins were obtained using RIPA buffer (Applygen Technologies, Inc.). Mitochondrial and cytosolic proteins were obtained using the Cell Mitochondria Isolation kit (Beyotime Institute of Biotechnology) according to the manufacturer's protocol, followed by lysis with RIPA buffer. 30 µg protein was added per lane and proteins were separated by SDS-PAGE on a 10% gel and transferred onto nitrocellulose membranes. Following blocking with 5% bovine serum albumin (Amresco, Solon, OH, USA) at room temperature for 1 h, the membranes were sequentially incubated with primary antibodies overnight at 4˚C and then with IRDye 800CW-conjugated goat (polyclonal) anti-rabbit/anti-mouse IgG secondary antibody for 1 h at room temperature. Fluorescent bands were visualized using an Odyssey infrared imaging system (LI-COR Biosciences), and the gray values were analyzed using Odyssey software (version 3.0; LI-COR Biosciences). β-actin was used as a loading control.
Statistical analysis.
Values are presented as the mean ± standard deviation of 6 repeats for each experiment. Protein expression comparisons of the control and treated groups were analyzed by densitometry using Gel-Pro Analyzer 32 software (Media Cybernetics, Inc., Rockville, MD, USA). Comparisons were made using a one-way analysis of variance followed by Bonferroni's test or a Student's t-test. Statistical analysis was performed using Prism software (version 5.01; GraphPad Software, Inc., La Jolla, CA, USA). P<0.05 was considered to indicate a statistically significant difference.
Results
Treatment with EG-Se/Pt inhibits the viability of Jurkat and Molt-4 cells, and exhibits increased toxicity in comparison with CDDP and EG-Se.
A novel stable Pt-based complex, EG-Se/Pt, has been developed and its structure is presented in Fig. 1 . To evaluate the potential therapeutic efficacy of EG-Se/Pt in the treatment of T-ALL/LBL, Jurkat and Molt-4 cell lines were used. Cell viability was measured using the CCK-8 assay. The results demonstrated that EG-Se/Pt inhibited Jurkat and Molt-4 cell viability in a dose-and time-dependent manner ( Fig. 2A and B) .
The cell lines were also treated with EG-Se and CDDP separately. EG-Se/Pt exhibited markedly increased toxicity towards cancer cells compared with CDDP and EG-Se ( Fig. 2C and D Fig. 2E; P<0.01 ). These results demonstrate that Jurkat and Molt-4 cells exhibit markedly increased sensitivity to EG-Se/Pt compared with to CDDP.
EG-Se/Pt induces cell cycle arrest in Jurkat and Molt-4 cells.
Disturbance of cell cycle regulation is an important mechanism in the development of T-ALL/LBL (16) . To determine whether the inhibitory effect of EG-Se/Pt on cell viability is caused by cell cycle arrest, the effect of EG-Se/Pt on the cell cycle progression of Jurkat and Molt-4 cells was analyzed using flow cytometry. The proportion of Jurkat cells in G1/G0 phase in the presence of 5, 15 and 35 µM EG-Se/Pt was determined to be 32.96, 37.21 and 46.62%, respectively (Fig. 3A and B) , and the proportion of Molt-4 cells at S phase in the presence of 5, 12.5 and 25 µM EG-Se/Pt was determined to be 42.49, 49.69 and 59.05%, respectively (Fig. 3A and C) . These results demonstrated that EG-Se/Pt induced cell cycle arrest of Jurkat cells at G1/G0 phase (P<0.01) and Molt-4 cells at S phase (P<0.05) in a dose-dependent manner, suggesting that EG-Se/Pt arrests tumor cells in distinct cell cycle phases to inhibit proliferation and induce cell death.
EG-Se/Pt induces apoptosis in Jurkat and Molt-4 cells.
To further identify whether apoptosis was responsible for EG-Se/Pt-induced cell death, flow cytometric analysis of annexin V/PI double staining was performed. The apoptotic rates of Jurkat cells in the presence of 5, 15 and 35 µM EG-Se/Pt were determined to be 14.78, 36.07 and 64.56%, respectively ( Fig. 4A and B ) and the apoptotic rates of Molt-4 cells in the presence of 5, 12.5 and 25 µM EG-Se/Pt were determined to be 13.37, 20.17 and 39.93%, respectively ( Fig. 4A and C; P<0.001) . These results demonstrated that the apoptotic rates of Jurkat and Molt-4 cells increased in the presence of 15 or 12.5 µM Fig. 5A; P<0 .001). These results suggest that EG-Se/Pt is able to enter tumor cells more efficiently compared with CDDP and that Se-containing polymers are potential redox-responsive drug-delivery vehicles in physiological environments (12) .
Apoptosis induced by EG-Se/Pt is dependent on caspase activation.
To further investigate the association between apoptosis and EG-Se/Pt-induced cytotoxicity, the apoptotic rates and caspase activity of tumor cells were measured in the presence or absence of the pan-caspase inhibitor z-VAD-FMK. The results demonstrated that z-VAD-FMK almost completely abrogated the induction of apoptosis by EG-Se/Pt ( Fig. 5B and C; P<0.01). In the presence of 35 µM EG-Se/Pt, the activity of caspase-3 and caspase-9 in Jurkat cells increased 3.78±0.56 and 5.06±0.63-fold, respectively ( Fig. 5D and E; P<0.05), whereas in the presence of 25 µM EG-Se/Pt, the activity of caspase-3 and caspase-9 in Molt-4 cells increased 4.59±0.82 and 5.03±0.80-fold, respectively ( Fig. 5F and G; P<0.05) . The activity of caspase-3 and caspase-9 inhibited by pretreatment with z-VAD-FMK. These results suggest that the apoptosis induced by EG-Se/Pt is caspase-dependent.
Apoptosis induced by EG-Se/Pt is dependent on ROS generation and mitochondrial membrane potential disruption.
A preliminary study demonstrated that the activity of caspase-9 in Jurkat and Molt-4 cells increased markedly in the presence of EG-Se/Pt (data unpublished). Therefore, it is suggested that the EG-Se/Pt-induced apoptosis was associated with the mitochondrial signaling pathway and intracellular ROS and MMP was investigated using flow cytometry. Pretreatment with NAC, an antioxidant, prior to treatment with EG-Se/Pt blocked the majority of the apoptotic activity of EG-Se/Pt ( Fig. 6A; P<0 .05), indicating that EG-Se/Pt-induced apoptosis was mediated by ROS.
The ROS levels induced by EG-Se/Pt were measured in Jurkat and Molt-4 cells. The ROS levels following treatment of (Fig. 6B; P<0.01 ). These results demonstrate that EG-Se/Pt markedly increases ROS generation in Jurkat and Molt-4 cells in a dose-dependent manner.
To assess the role of mitochondria in EG-Se/Pt-induced apoptosis, MMP was determined in the cell lines using JC-1 staining. As presented in Fig. 6C (P<0.01) In the ROS inhibitor group, pretreatment with 10 mM NAC prior to treatment with EG-Se/Pt almost completely inhibited the disruption of MMP (Fig. 6C) . These results suggest that EG-Se/Pt-induced apoptosis is associated with ROS generation and MMP disruption.
EG-Se/Pt induces apoptosis via a mitochondria-dependent pathway.
A preliminary study demonstrated that the apoptosis induced by EG-Se/Pt was associated with ROS generation, MMP disruption and caspase-9 activation (data unpublished). It is hypothesized that EG-Se/Pt induced apoptosis through a mitochondrial signaling pathway. To verify this hypothesis, the expression of several critical proteins was examined in the mitochondrial apoptosis pathway using western blot analysis following 24 h treatment of cells with various concentrations of EG-Se/Pt. It is well known that the Bcl-2 protein family, cytochrome c, Apaf-1, caspase-9, caspase-3 and PARP serve important roles in mitochondrially mediated apoptosis (17) . As shown in Fig. 7 , EG-Se/Pt induced the upregulation of Bax, cytosolic cytochrome c, Apaf-1, cleaved caspase-9, cleaved caspase-3 and cleaved PARP, and downregulation of Bcl-2 and mitochondrial cytochrome c, in a dose-and time-dependent manner in Jurkat and Molt-4 cells.
Discussion
CDDP has been demonstrated to be effective in the treatment of cancer; however, serious adverse reactions to CDDP are well-known (5) . CDDP and other Pt-containing compounds serve an important role in the treatment of T-ALL/LBL (3,4,6 ). EG-Se/Pt is a novel agent that demonstrates increased selectivity between cancer cells and wild-type cells compared with CDDP, through the generation of excessive ROS (11, 12) . To the best of our knowledge, the present study was the first to demonstrate that EG-Se/Pt is toxic to the Jurkat and Molt-4 T-ALL/LBL cell lines in vitro. The results of the present study demonstrated that treatment with EG-Se/Pt resulted in a marked decrease in the viability and a marked increase in the apoptosis of tumor cells in a concentration-and time-dependent manner compared with the control. EG-Se/Pt is a derivative of CDDP, therefore the inhibitory effects on proliferation following treatment with EG-Se/Pt and CDDP were compared. It was demonstrated that EG-Se/Pt exhibited increased cytotoxicity compared with CDDP at the same concentration. To investigate the underlying mechanism, the intracellular concentrations of Pt were evaluated. The EG-Se/Pt-treated cell lines demonstrated increased Pt levels compared with the CDDP-treated cell lines, consistent with a previous study in liver cancer, breast cancer and lung adenocarcinoma cells (12) . These results suggested that EG-Se/Pt may enter cells efficiently compared with CDDP as Se-containing polymers demonstrated potential as redox-responsive drug-delivery vehicles (12) , and that the increased cytotoxicity may be associated with the increased Pt concentration in cancer cells. A previous study has demonstrated that EG-Se/Pt selectively kills liver cancer cells via ROS-mediated apoptosis with minor effects on the viability of wild-type liver cells (12) . Due to a lack of access to wild-type T-cell lines, the inhibitory effect on proliferation between wild-type and malignant T cells were not compared in the present study.
It is well-known that disturbance of cell cycle regulation is responsible for the initiation and formation of hematological tumors, including mantle cell lymphoma and T-ALL/LBL (16, 18) . Anticancer drugs induce cell cycle arrest at a specific checkpoint and thereby induce cell death (16, 19, 20) . In the present study, it was demonstrated that EG-Se/Pt induced Jurkat cell arrest at the G1/G0 phase and Molt-4 cell arrest at the S phase in a dose-dependent manner, suggesting that cell cycle arrest is one of the underlying molecular mechanisms for the inhibitory effects of EG-Se/Pt on tumor cells. It is notable that EG-Se/Pt arrests Jurkat and Molt-4 cells at distinct cell cycle phases. As wild-type p53 protein blocks cells at the G1/G0 and G2/M phase through distinct downstream genes (21, 22) , it is hypothesized that this difference may be associated with the p53 gene deletion in Molt-4 cells and this hypothesis will be tested in future studies.
Apoptosis is a major mechanism of cell death and serves a key role in the elimination of tumor cells. The results of the present study demonstrated that EG-Se/Pt induced T-ALL/LBL cell apoptosis in a concentration-and time-dependent manner, which is consistent with previous results for liver, breast, lung and colon cancer cells (12) . Members of the caspase protein family serve a central role in the initiation and execution of apoptosis. In particular, caspase-9 triggers the intrinsic apoptotic cascade and caspase-3 acts as a key executor in cell apoptosis (23) . Cells were treated with the pan-caspase inhibitor z-VAD-FMK prior to treatment with EG-Se/Pt, and it was identified that the apoptotic rate and the activity of caspase-3 and caspase-9 were decreased. These results demonstrated that EG-Se/Pt induced apoptosis of Jurkat and Molt-4 cells in a caspase-dependent manner, which is in contrast with a preliminary study on other tumors demonstrating that EG-Se/Pt induces apoptosis without caspase-3 activation (12). However, it was also demonstrated that z-VAD-FMK did not rescue all of the cells but instead led to apoptotic rates that were increased relative to those of the control group, indicating that cell death independent of caspase also exists and requires further study.
There are two primary apoptotic signaling pathways: The death receptor signaling pathway and the mitochondrial signaling pathway (24) . Increased levels of ROS may induce cell apoptosis by disrupting the intracellular redox balance and activating the mitochondrial pathway (17, 25) . The efficacy of inorganic and organic Se compounds as cancer chemotherapeutic compounds via the generation of ROS has been demonstrated (26) . CDDP also induces ROS that trigger mitochondrial apoptosis (6) . EG-Se/Pt is a novel compound that is self-assembled from EG-Se and CDDP. A previous study indicated that EG-Se/Pt induced cell apoptosis through the generation of excessive ROS (12) . ROS disrupt the MMP through mitochondrial outer membrane permeabilization and inducing Bax dimerization (17) . Subsequently, cytochrome c enters the cytosol, binds to Apaf-1 and activates caspase-9, leading to activation of the executioner caspase-3 (17) . Pretreatment with NAC, a scavenger of ROS, significantly decreased MMP disruption and apoptosis, indicating that the apoptosis induced by EG-Se/Pt is associated with ROS levels. However, apoptosis was not completely inhibited by NAC, suggesting that ROS-independent pathways also participate in cell death.
In conclusion, it is hypothesized that EG-Se/Pt inhibits proliferation and induces apoptosis of Jurkat and Molt-4 cells through the mitochondrial signaling pathway by generating excessive ROS that disrupt the MMP. EG-Se/Pt is a potential anticancer drug for T-ALL/LBL therapy. Future studies are required to investigate the effects of EG-Se/Pt on CDDP-resistant tumor cells in vitro and in vivo, and further elucidate the underlying molecular mechanism of cell death induced by EG-Se/Pt.
